ABSTRACT
Introduction
Measurements of ozone in troposphere by differential absorption lidar (DIAL) should be corrected for the impact of aerosol and other species [1] [2] [3] [4] [5] [6] . The uncertainty of ozone DIAL measurements is related to aerosol optical properties and aerosol loading [7] . The uncertainty due to impact of other species can be removed by optimizing the wavelength pairs [8] . In order to get rid of both of the impacts of the aerosol and other species, multi-wavelength DIAL and Raman DIAL have been developed [9] [10] . The uncertainty due to SO 2 impact in UV region is considerable in case of high SO 2 concentration from volcanic emission; but it is very small, negligible, in case of background SO 2 value, 1 ~ 2 ppb [8] .
Although DIAL measurements of ozone in troposphere has been developed and performed for tens years, how to treat the background intensity is still an open question. In general, background intensity is very small, and difficult to ascertain. Usually, the PMT (Photo-multiplier tube) signal before laser shots is taken as background intensity. Some researchers also take the signal at the most distance as background intensity [11] . The uncertainty of ozone DIAL measurement is sensitive to background intensity; and unknown background intensity can cause huge error. In ozone measurements the measurement wavelengths is always set as close to 300 nm (UV region). Wavelength pair (280 nm, 285 nm) is just an example. In night time ozone measurements, the background value wavelength dependence is negligible and the background is caused by dark current of PMT, or thermal noise. Therefore, investigation on how to reduce the impact of background signal is valuable. This paper focuses on discussion of the impact of background signal on ozone measurement. It includes theoretical analysis, simulations, and experiments on this issue. The aerosol and other species (such as SO 2 ) impact on ozone measurement are not discussed here.
signal. The resulting ozone concentration is very sensitive to the magnitude of the subtracted background intensity. Unknown background intensity can cause larger measurement error. How to determine the background intensity precisely is important. The impact of background signal is analyzed in this section. The focus is placed on the factors that determine the impact of background signal and the way to suppress the impact. This analysis is based on very weak background signal at night time ozone measurement.
According to lidar equation, ozone concentration can be calculated by [11] 
where, n is the ozone concentration, z  is the range
is the return signal intensity. Because we can consider 0   z as constant for a given DIAL instrument, ozone concentration only depends on the later part of the equation, which we define as
Thus, we focus on  instead of n in the following analysis.
None of the background value criterion is made. PMT signal before laser shots can be taken as background intensity; PMT signal at high altitude also can be taken as background signal, it due to the measurements condition. Assume  on and  off as background intensities for the return signals at "on" and "off" wavelength, so the uncertainty for  can be explained as 
where ) (  is the ozone concentration including the impact of background signal, and  is the real ozone concentration without the impact of background signals.
In night time ozone measurement; usually background intensity is much smaller than lidar signal at lower distance. Therefore, we have
Wavelength separation between the "on" and "off" wavelength is sufficiently small (usually, differential wavelength between two wavelengths pair is governed as less than 5nm) so that the background intensities and receiver optical efficiency at the "on" and "off" wavelengths can be considered to be approximately equal, respectively. Thus, single background intensity can be adopted in the calculation of the uncertainty. At night time measurement, the background intensities at two UV wavelengths with small wavelength separation can be assumed as identical  , with assumption
. Using the value obtained from the PMT signal before laser shots, Equation (4) is reduced to
Theoretically, we have
where,
 is attenuation at . 1  , respectively. Usually, during the measurement time the variation of atmospheric temperature is neglected, even although the absorption cross section dependence on the temperature exists. Con-ventional lidar measurements represents the background value of ozone concentration profile as 45 ~ 60 ppb with 10% measurement error, and as stable over the range from 1000-4000 km [11, 12] . Therefore, the extinction coefficient is almost constant over the range between 1000 km ~ 4000 km, The ozone measurements are always carried out in clear fine day, the aerosol loading is very small, especially in Japan. Most of extinction coefficient is caused by molecular. In Japan, in lidar measurements, the range correct signal (I*r 2 ) is always smooth, and decay at constant ratio, it due to the clear fine weather condition, aerosol loading is weak and almost homogeneous. If the return signal not smooth, inhomogeneous aerosol loading occur, the ozone measurement data is not reliable, it due to aerosol error. The aerosol error topic is out of the scope of this paper. The range resolution z  is usually taken as 75 m or 150 m [11, 13] . The extinction coefficients dependence on the range is very small than the return signal. So we treated A and B as constants.
In case of
Therefore we have
It shows that the impact of background signal depends on background intensity (), and the quantity in the parentheses. In order to reduce the impact of background signal, we can make the background intensity smaller or make the ratio of return signal intensities at "on" and A and B can be calculated with the attenuation  on and  off which are given as [13] 
where, n is the ozone number density (concentration),
is ozone absorption cross section at "on" and "off" wavelength, respectively;  m,on and  m,off are molecule extinction at "on" and "off" wavelength, respectively;  a,on and  a,off are aerosol extinction at "on"
and "off" wavelength, respectively. According to Equations (6)- (9) with assumption of homogeneous background value of ozone concentration over range 1000 ~ 4000 km and homogeneous aerosol loading, the value of A/B dependence on range is small (~1%), and negligible.
Combine Equations (1), (2) and (7) we obtain the impact of background signal:
From Equation (10), it can be seen that the impact of background signal depends on two factors, one is signal to noise ratio ( 
Simulation
Based on the theoretical analysis, we simulate the impact of background signal for four different wavelength pairs. In this simulation, we assume the error due to homogeneous aerosol loading, the statistic error due to atmospheric condition and laser stability, and the instrument systematical error due to beam alignment are all small, negligible. The simulation parameters are listed in Table 1 . The cross sections were taken from value in the literature [14] , even although the absorption cross sections are temperature dependent, usual ozone measurements by DIAL regard the variation of atmospheric temperature as negligible during the measurement time over the range from 1000 km -4000 km [11, 13] . ential wavelength between wavelength pair is set as less than 5 nm, therefore, the aerosol scatter property of the two wavelengths should be almost same, and the differential intensity between two return signals is only due to the differential ozone absorption, the decay ratio of the return signal intensity at two wavelength dependence with height should be identical, in this case, the return should be constant, almost independent of height. Lidar return signal intensity at two wavelengths is impossible to be zero. Before ozone measurement, we do beam alignment associated with oscilloscope to ensure the laser beam located in the field of view (FOV) of telescope. If the lidar return intensity at any wavelength of the DIAL pair is zero, it means the beam misalignment happens, the laser beam is out of the FOV of telescope, or the laser energy drop, in this case the measurement should be meaningless, the measurement result should be nothing, it should be stopped and redo the beam alignment until the optimum lidar return occur on oscilloscope, unequal to zero. The lines all cross the x axis (y = 0) at A/B. Note that the definition of y is the impact of background signal, we call the point (x = A/B) as zero error point. This means that when the return signal ratio approaches to A/B, the impact of background signal becomes minimum (close to zero). The value of A/B is close to 1, equals 1 at null profile measurements. Therefore, we can adjust laser power levels at two wavelengths to make the return signal intensity ratio close to (A/B) to suppress the impact of background signal. In Figure 1(a) and (b) , it is shown that the background error will become larger when return signal intensity become very smaller, but in case of very weak return signal the measurement result should be nothing (no physical meaning), in this case we talk about error at none measurement result is meaningless at all. The simulation result also shows that the impact of background signal is related to the choice of wavelength pairs, the value of A/B is changeable at different wavelength pairs. Figure 1(b) corresponds to Figure 1(a) , combination of four panels of Figure 1(a) . The four group lines 1, 2, 3 and 4 decay at different slope which vary with SNR at different height.
Experimental Result
The DIAL system incorporates two tunable dye lasers pumped by two Nd: YAG lasers and a 50-cm -diam Newtonian telescope. The Nd: YAG lasers operate at a repetition rate of 10 Hz, and each dye laser can emit two wavelengths ( a  tain. We tried to take different value as background intensity for data processing. For example, the PMT signal before laser shots or the signal at the most distance have been used as the background intensity. In Figure 2(a)  and (b) , the intensities of the PMT signal before the laser shots were almost same as 0.009 mV, and the signal at the most distance (5 km) were about 0.0093 mV. Thus, based on Figure 2(a) and (b) , we take 0.009 mV, 0.00915 mV, 0.0093 mV as background intensity. Figure  3 is the ozone concentration profiles calculated by the Equation (1) In other words, an appropriate return signal intensity ratio ensures the accuracy of the ozone measurements. We adjust the laser energy to make the return signal ratio at wavelength pair (280, 285) close to 0.96 by oscilloscope; the impact of background signal is suppressed. It is showed in Figure 3 . The background error is negligible (the measurements result almost has nothing to do with background value) at appropriate return ratio, therefore, in Figure 3 the ozone profiles are almost same whether background is subtracted or not.
Discussion and Implementation Methodology
The impact of background signal on ozone concentration profiling depends on the background intensity and return signal intensity ratio ( ) , (
The impact of background signal is related to the choice of the wavelengths pair, we can suppress the impact of background signal according to the value of B A / associated with the wavelengths pair. The small wavelengths separation minimizes the impact of hard to characterize aerosols and a judicious wavelength pair minimizes the impact of SO2 [12] . Usually, the wavelength separation is governed as less than 5 nm, and the background of SO2 concentration is about 1~2 ppb [8] , very weak, in this case the SO2 impact on ozone measurement can be neglected. If in day time ozone measurement, as wavelength drops below ~300 nm the solar background rapidly falls off which has a major impact of background. This issue is not discussed in this paper and will be considered in future research. In night time ozone measurements, the background intensity is weak and also the dependence on wavelengths is negligible. Therefore, the background intensities at two wavelengths are assumed as identical.
Using an appropriate return signal intensity ratio, the impact of background signal on ozone concentration profiling is small, and negligible. In real lidar operation, firstly fine beam alignment makes the return signals at two identical wavelengths overlap completely on the oscilloscope, it does the null profile measurement to calibrate the lidar system, then change one wavelength according to the DIAL pair by computer setup, and adjust the laser pulse energy levels at the two wavelengths to obtain appropriate return signal intensity ratio on the oscilloscope close to A/B to suppress the impact of background signal and ensure the accuracy of ozone measurements. The return signal intensity ratio on the oscilloscope includes the weak background signal  , and it is
